1. Introduction
===============

The abundance of information provided by completely sequenced genomes offers a starting point for new insights into the multi-level organization of organisms and their evolution [@B1]. With the availability of an ever increasing number of complete genome sequences and the development of specialized tools for genome comparison, the comparative approach is becoming an extremely powerful strategy for genome analysis [@B2], [@B3]. Comparative analysis of metabolic pathways in different genomes yields important information on their evolution, for discovering pharmacological targets and for biotechnological applications[@B4].

In recent years, several biochemical pathways and metabolic reaction networks have been elucidated and this large pool of biochemical information, together with data from proteomics, metabolomics and genomics have facilitated the design of experiments and the selection of targets for manipulation by metabolic engineers [@B5], [@B6]. A comprehensive inventory of the biochemical functions potentially performed by an organism is available in several metabolic databases [@B7]-[@B9]. Comparisons of the differential biochemical pathways by detecting the presence or absence of genes encoding the enzymes that catalyze the reactions, provide a detailed account of the biochemical capacity of the organisms under study. Comparative metabolic pathway analyses also reveal pathway defects, i.e. missing enzymes within the predicted pathways. Thus, comparing the metabolic pathways between different organisms permits the identification of alternative pathways in microorganisms, with the aim of understanding microbial physiology, for designing novel therapeutic products and for antimicrobial drug discovery [@B10]. Analyzing the role of critical genes or proteins in a metabolic pathway also contributes towards the understanding of cell function and metabolic reactions [@B11], [@B12]. Essential microbial enzymes that do not have human homologs may also serve as putative drug targets [@B13]-[@B15].

The genus *Pseudomonas* is one of the most diverse bacterial genera, being isolated from sources ranging from plants to contaminated soil and water to human clinical samples. Members of *Pseudomonas* include important plant pathogens as well as biotechnologically ecologically interesting species [@B16]. Recently, to advance the biology of pseudomonads important in infection and biotechnology, the SYSTOMONAS (SYSTems biology of pseudOMONAS) database was established to provide an integrated bioinformatics platform for a systems biology approach [@B17]. At least eight *Pseudomonas* genomes have been hitherto completely sequenced and functionally annotated, i.e. *Pseudomonas aeruginosa*PAO1*, Pseudomonas putida* KT2440*, Pseudomonas syringae pv.tomato*DC3000*, Pseudomonas syringae pv.syringae*B728a*, Pseudomonas syringae pv.phaseolicola*1448A*, Pseudomonas fluorescens*Pf-5*, Pseudomonas fluorescens*PfO-1, and*Pseudomonas entomophila L48* (Table [1](#T1){ref-type="table"}). In this study, we compare the metabolic pathways of the eight *Pseudomonas*species in order to identify missing enzymes in the metabolic pathways. Though, computational predictions can considerably reduce the volume of experimental studies required to assess basic metabolic properties of multiple bacterial species, experimental validations are required to resolve the problem of infrequently apparent inconsistencies in the predictions by multiple resources. We further carried out polymerase chain reaction (PCR), dot blot hybridization and DNA sequencing for enzymes (selected based on strains available in our lab) to correlate our experimental data with the information in the KEGG and SYSTOMONAS databases. The results of our molecular experiments endorse the fact that complementary advances in computational biology and experimental technologies provide biologists with a markedly improved repertoire of research tools that can help us to better understand the complexities and conundrums of the biology of microorganisms.

2. MATERIALS AND METHODS
========================

Detection of the presence or absence of enzymes in different Pseudomonas species
--------------------------------------------------------------------------------

Metabolic pathway information was downloaded from KEGG (Kyoto Encyclopedia of Genes and Genomes), a computational representation of metabolic pathway systems [@B7]. The Enzyme commission (EC) numbers for the eight *Pseudomonas*species were extracted. Three *Pseudomonas*strains were selected based on their availability in our lab (Table [1](#T1){ref-type="table"}). Genomic DNAs were prepared from *P. aeruginosa* PAO1, *P. putida* KT2440 and *P. syringae pv. tomato* DC3000 as described by Manning [@B18]. The enzymes showing differential presence or absence were validated by PCR, dot blot hybridization and DNA sequencing as described below.

Polymerase chain reaction (PCR)
-------------------------------

The PCR mixture contained 0.2 mM each of dATP, dCTP, dGTP and dTTP, 10 pmol each of forward and reverse primer, 1× PCR buffer \[50 mM KCl, 10 mM Tris- HCl (pH 8.3)\], 2.5 mM MgCl~2~, 0.25 U *Taq* DNA polymerase, 50 ng of template DNA [@B19]. The reaction mixture was made up to 25 µl with water. Template chromosomal DNA was denatured at 95°C for 4 min, followed by 30 cycles of amplification each of denaturation at 95°C for 30 sec, annealing at 50-60°C (depending on the melting temperature of the primers listed in Table [2](#T2){ref-type="table"}) for 30 sec, and extension at 72°C for 1 min followed by a final extension at 72°C for 1 min. Initially, to confirm the presence of genes encoding 6-phosphogluconate dehydrogenase (EC: 1.1.1.44), Xylulose kinase (EC: 2.7.1.17), O-acetyl homoserine (thiol) lyase (EC: 2.5.1.49) in the chromosomes of *P. aeruginosa* PAO1, *P. putida* KT2440 and *P. syringae pv. tomato* DC3000, DNA was amplified using specific primers (Table [2](#T2){ref-type="table"}). The resultant PCR products were analyzed by agarose gel electrophoresis. Finally, hybridization analyses were performed using DIG-labeled probes.

Preparation of DNA probes and DNA hybridization
-----------------------------------------------

Isolated specific DNA fragments were labeled with Dioxygenin (DIG) using a DNA labeling kit (Roche Diagnostics, Germany). Approximately 10 ng to 3 µg of purified DNA fragments were heated at 95°C for 10 min and chilled immediately in ice. Two µl of hexanucleotide mixture, 2 µl of 10× dNTP labeling mixture and 1 µl of Klenow enzyme 1 U/µl were added to the DNA mixture. The reaction mixture was then incubated at 37°C overnight followed by heating at 65°C for 2 min or adding of 2 μl of 0.2 mM EDTA, pH 8.0 to stop the reaction. The efficiency of the labeled DNA was determined according to the manufacturer\'s instructions. The probe was prepared by denaturing 20 ml of hybridization solution \[50% (v/v) formamide, 1% (w/v) SDS, 6× SSC, 1× Denhardt\'s solution, 100 µg/ml herring sperm DNA and 100 μg/ml heparin\] containing 19 μl labeled DNA at 95°C for at least 10 min.

Dot blot hybridization
----------------------

About 3-5 μl of chromosomal DNA was applied to the positively-charged nylon membrane (Hybond-N^+^, Amersham Pharmacia Biotech, UK). The transferred DNA was fixed to the membrane by placing on 3MM Whatman No.1 filter paper presoaked with 0.4 N NaOH for 20 min. The membranes were prehybridized with 20 ml of prehybridization solution at 42°C for at least 1 hr in HB-1000 hybridizer (UVP Laboratory, Upland, CA, USA). The prehybridization solution was decanted, the preheated hybridization solution containing the appropriate probe was added to the membrane, and then hybridized at 42°C overnight. The probe solution was then decanted and stored at --20°C for reuse. Immunodetection was performed according to the manufacturer\'s protocol (Roche Diagnostics), and results were interpreted from the color reaction.

DNA and protein sequence analyses
---------------------------------

For DNA sequencing, DNA templates were purified using the Qiagen gel extraction kit (Roche, Valencia, USA). Approximately 100 ng of purified PCR product was sequenced in both directions [@B20] using the ABI PRISM dye terminator cycle sequencing kit (Perkin-Elmer). The DNA sequence data were analyzed using the DNAMAN program (Lynnon Biosoft®) and BLAST [@B21].

3. RESULTS
==========

Missing enzymes and metabolic pathways
--------------------------------------

Our analysis revealed the differential presence or absence of genes in the eight genomes for 11 metabolic pathways (Table [3](#T3){ref-type="table"}). Some of the missing enzymes involved in the 11 metabolic pathways were also reported as absent in the *Pseudomonas* Genome Database (PGD) [@B22].

PCR and dot blot hybridization analyses
---------------------------------------

Among the 11 metabolic pathways described above, three pathways, i.e. pentose phosphate pathway, pentose and glucuronate interconversions and methionine metabolism were selected to confirm the presence or absence of enzymes in three genomes by PCR and dot-blot hybridization experiments (Table [1](#T1){ref-type="table"}). The resultant 215-bp PCR product of the gene fragment encoding EC: 1.1.1.44 (ppu44) from *P. putida* KT2440, as well as the 525-bp PCR product (pst44) for *P. syringae pv. tomato* DC3000 were observed after gel electrophoresis. For the gene fragments encoding EC: 2.7.1.17, the resultant PCR products of 443-bp (pae17) and 482-bp (pst17) were amplified from *P. aeruginosa* PAO1 and *P. syringae pv. tomato* DC3000, respectively. For the gene fragments encoding EC: 2.5.1.49, the resultant PCR products of 403-bp (pae49) and 406-bp (ppu49) were amplified from *P. aeruginosa* PAO1 and *P. putida* KT2440, respectively (Figure [1](#F1){ref-type="fig"}). In order to confirm the presence or absence of genes encoding EC1.1.1.44 in the chromosomes of *P. aeruginosa*, *P. putida* and *P. syringae pv. tomato*, PCR was performed using ppu44 and pst44 primers. Similarly, PCR was also performed for the genes encoding EC 2.7.1.17 (using pae17 and pst17 primers) and EC 2.5.1.49 (using pae49 and ppu49 primers) (Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}).

The PCR analyses showed that the gene encoding EC 1.1.1.44 was present in the chromosomes of *P. putida*, *P. syringae pv. tomato* and *P. aeruginosa*. The products of PCR using pae49 primers showed the presence of the gene encoding EC 2.5.1.49 in *P. aeruginosa* and *P. syringae pv. tomato.*The products of PCR using ppu49 primers demonstrated the presence of the gene only in *P. putida*. In addition, the gene encoding EC 2.7.1.17 was found to be present in *P. aeruginosa* and *P. syringae pv. tomato*by PCR (Figures [1](#F1){ref-type="fig"}-[3](#F3){ref-type="fig"}).

Dot blot hybridization
----------------------

Hybridization analyses were performed using DIG-labeled probes, i.e. 215-bp ppu44, 482-bp pst17 and 403-bp pae49 (Figure [4](#F4){ref-type="fig"}). The strong hybridization signal with the 215-nucleotide ppu44 probe confirmed that the gene encoding EC 1.1.1.44 is present in *P. putida, P. syringae pv. tomato* as well as in *P. aeruginosa* (Figure [4](#F4){ref-type="fig"}A)*.* This hybridization result supports the data obtained by PCR (Figure [2](#F2){ref-type="fig"}A). The positive hybridization signals with the 482-nucleotide pst17 probe supported the presence of the gene encoding EC 2.7.1.17 in *P. aeruginosa*and *P. syringae pv. tomato*, but showed its absence in *P. putida*(Figure [4](#F4){ref-type="fig"}B)*.* The hybridization signals with the 403-nucleotide pae49 probe confirmed that the gene encoding EC 2.5.1.49 is present in *P. aeruginosa*, *P. putida* and *P. syringae pv. tomato*(Figure [4](#F4){ref-type="fig"}C), in agreement with the PCR analysis (Figure [2](#F2){ref-type="fig"}B). The data are summarized in Table [4](#T4){ref-type="table"}.

DNA sequencing and BLAST analyses
---------------------------------

The DNA sequences of the PCR products of *P. aeruginosa* and *P. syringae pv. tomato* (EC 1.1.1.44, EC 2.5.1.49) were searched against the genome database (<http://www.ncbi.nlm.nih.gov/blast/>). The nucleotide sequence alignments for EC 1.1.1.44 displayed 37.70% identity (*P. aeruginosa sample*sequence with *P. syringae pv. tomato*genome database sequence), 98.15% identity (*P. syringae pv. tomato* sample sequence with *P. syringae pv. tomato*genome database sequence) and 37.77 % identity ( sample sequence of *P. aeruginosa*with sample sequence of *P. syringae pv. tomato*determined experimentally)(data not shown). However, it is observed that there is a very high nucleotide sequence homology between pae44 sequence and the genomic sequences of three *P. aeruginosa* strains (PA01, UCBPP-PA14 and PA7) as well as *Pseudomonas* phage Pf1. On the basis of the gene prediction from the GenBank the obtained pae44 sequence could be a phage gene instead of 6-phosphogluconate dehydrogenase. Hence the sequencing result for this enzyme correlates with the KEGG database.

The nucleotide sequence alignments for the second enzyme O-acetyl homoserine (thiol) lyase EC 2.5.1.49 exhibited 95.01% identity (*P. syringae pv. tomato*sample sequence with *P. aeruginosa* genome database sequence), 97.64% identity (*P. aeruginosa* sample sequence with *P. aeruginosa* genome database sequence) and 96.34 % identity ( sample sequence of *P. syringae pv. tomato*with sample sequence of *P. aeruginosa*determined experimentally) (Supplementary Sequence Fig A). The protein translation for EC 2.5.1.49 showed higher percentage similarity from the nucleotide sequence alignments (95.01% identity between *P. syringae pv. tomato*sample sequence and *P. aeruginosa* genome database sequence, and 97.64% identity between *P. aeruginosa*sample sequence and *P. aeruginosa* genome database sequence). The resultant protein sequences were subject to BLAST. The *P. syringae pv. tomato*sample sequence displayed 99% identity with O-acetyl homoserine sulfhydrylase of the genome database, while the *P. aeruginosa*sample sequence also exhibited 99% identity with O-acetyl homoserine sulfhydrylase of the genome database. Hence, our results, both from the experimental and DNA sequencing confirm the presence of the enzyme O-acetyl homoserine (thiol) lyase in *P. syringae pv. tomato*.

4. DISCUSSION
=============

Metabolic pathways and networks have been a longstanding focus of biochemical and physiological research. Through the comparison of metabolic pathways, intricate and complex relationships between genes that encode enzymes can be studied, and more sophisticated strategies for diagnosis and treatment of complex diseases may become feasible [@B23]. Concurrently, metabolic reconstruction encourages the application of comparative genomics to search for missing genes [@B24]. Most of the missing enzymes can be replaced by alternative reactions that utilize the same substrate or produce the specific product, thereby allowing a given pathway to operate.

Comparative metabolic pathway analyses reveal that several pathways in the *Pseudomonas* species show high plasticity and versatility. Our results confirm the presence of alternative enzymes and bypass processes for these missing enzymes. Computational predictions from multiple sources of information, though useful, may sometimes be inconsistent and further confound the issue of annotation of genes. In such cases, experimental validations may become essential to resolve and reconcile the apparent inconsistencies. In this report, the confirmation of the presence or absence of three enzymes by molecular techniques validated the presence of the enzyme O-acetyl homoserine (thiol) lyase (EC: 2.5.1.49) in *P. syringae pv. tomato*. The data for the two enzymes 6-phosphogluconate dehydrogenase (EC 1.1.1.44) and Xylulose kinase (EC 2.7.1.17) conflict with both the KEGG and SYSTOMONAS database whereas the data for the enzyme O-acetyl homoserine (thiol) lyase (EC: 2.5.1.49) are congruent with both KEGG and SYSTOMONAS database (Table [4](#T4){ref-type="table"}).

Our results for the first time confirm the presence of DNA sequence encoding the enzyme O-acetyl homoserine (thiol) lyase (EC: 2.5.1.49) in *P. syringae pv. tomato*. It is also noteworthy that that the mere presence of a gene sequence even when confirmed by experimental procedures does not necessarily ensure that its corresponding enzyme is actually functional. This non-functionality may be attributed to the presence of non-active remnant genes, evolutionary pressures leading to loss of function, inactivating mutations, and the lack of transcription, translation, or post-translational processing [@B25]. Nonetheless, with the rapid availability of microbial genome sequences, coupled with functional data arising from numerous computational sources, it is essential to characterize the differential occurrence of genes in closely related genomes. Such a monumental effort can be accomplished largely by experimentalists who are able to make effective use of the guidance provided by comparative genome analyses.

5. CONCLUSION
=============

Our experimental results confirmed the presence of the enzyme O-acetyl homoserine (thiol) lyase (EC: 2.5.1.49) in *P. syringae pv. tomato*. Continued experimental investigation of the metabolic biochemistry of an organism is of importance in (1) to assign pertinent biochemical reactions to the enzymes found in the genome; (2) to validate and scrutinize information already found in the genome; and (3) determination of the presence of reactions or pathways not indicated by current genomic data [@B26]. The level of metabolic pathway variation(s) in the biosphere remains to be determined.

Despite the relatively small number of carefully studied organisms, significant pathway variations have been observed both between distinct organisms and within organisms with similar life-styles. Our data highlights the importance of isoenzymes, alternative enzymes and alternative pathways/bypasses and built in functional redundancy for the purpose of target identification for novel therapeutic discovery. We concur with the view that erroneous functional assignments should be corrected and disagreements between predictions reconciled, but this is difficult given the size and archival nature of current databases. Computational approaches can help us sift through this mass and help us select cases for validations. We concur with BioCyc\'s view that there is a critical need to harness the expertise of many scientists to produce biological databases, which accurately reflect the depth and breadth of knowledge that the biomedical research community is producing.

Supplementary Material
======================
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Sequence Fig A for EC 2.5.1.49
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Click here for additional data file.

![**PCR products of gene fragments of ppu44, pst44, pae17, pst17, pae49, ppu49 of *P. aeruginosa* PAO1, *P. putida* KT2440 and *P. syringae pv. tomato* DC3000.** PCR products amplified from genomic DNA of *P. aeruginosa*, *P. putida* and *P. syringae pv. tomato* using the corresponding specific primers. The expected sizes of PCR products of gene fragments are 215-bp ppu44, 525-bp pst44, 443-bp pae17, 482-bp pst17, 403-bp pae49, 406-bp ppu49. The 100-bp DNA size markers are depicted on the left.](ijbsv04p0309g01){#F1}

![**PCR analyses of (A) 6-phosphogluconate dehydrogenase (EC: 1.1.1.44) and (B) O-acetyl homoserine (thiol) lyase (EC: 2.5.1.49). Panel A.**PCR products amplified from genomic DNA of*P. aeruginosa* PAO1, *P. putida* KT2440 and *P. syringae pv. tomato* DC3000 using ppu44 primers (Lanes 1-4) and pst44 primers (Lanes 5-8). The 215-bp PCR products of the ppu44 gene fragment were observed in lane 1 (*P. aeruginosa*), lane 2 (*P. putida*) and lane 3 (*P. syringae pv. tomato*). The 525-bp pst44 amplified fragments were seen in lane 5 (*P. aeruginosa*) and lane 7 (*P. syringae pv. tomato*). No bands were observed in lane 6 (*P. putida*), lanes 4 and 8 (negative control). **Panel B.**PCR products amplified from genomic DNA of*P. aeruginosa* PAO1, *P. putida* KT2440 and *P. syringae pv. tomato* DC3000 using pae49 primers (Lanes 1-4) and ppu49 primers (Lanes 5-8). The 403-bp PCR products of the pae49 gene fragment were observed in lane 1 (*P. aeruginosa*) and lane 3 (*P. syringae pv. tomato*). No bands were seen in lane 2 (*P. putida*) and lane 4 (negative control). The 406-bp ppu49 gene fragment was seen in lane 6 (*P. putida*). No bands were observed in lane 5 (*P. aeruginosa*), lane 7 (*P. syringae pv. tomato*) and lane 8 (negative control).](ijbsv04p0309g02){#F2}

![**PCR analysis of (A) Xylulose kinase (EC: 2.7.1.7). Panel A**. PCR products amplified from genomic DNA of *P. aeruginosa* PAO1, *P. putida* KT2440 and *P. syringae pv. tomato* DC3000 using pae17 primers (Lanes 1-4) and pst17 primers (Lanes 5-8). The 443-bp PCR products of the pae17 gene fragment were observed in lane 1 (*P. aeruginosa*) and lane 3 (*P. syringae pv. tomato*). Non-specific bands (\~ 500 bp) were seen in lane 2 (*P. putida*). The 482-bp pst17 gene fragment was seen in lane 7 (*P. syringae pv. tomato*). No bands were observed in lane 5 (*P. aeruginosa*), 6 (*P. putida*), lanes 4 and 8 (negative controls).](ijbsv04p0309g03){#F3}

![**Dot blot hybridization for (A) 6-phosphogluconate dehydrogenase (EC: 1.1.1.44), (B) Xylulose kinase (EC: 2.7.1.7) and (C) O-acetyl homoserine (thiol) lyase (EC: 2.5.1.49). Panel A.**Presence or absence of gene encoding EC: 1.1.1.44. Chromosomal DNA samples extracted from *P. aeruginosa*, *P. putida* and *P. syringae pv. tomato* were applied onto a nylon membrane and hybridized with the DIG-labelled 215-bp ppu44 PCR product. The 215-bp ppu44 PCR product from *P. putida* served as positive control, whereas the 406-bp ppu49 PCR product from *P. putida* was included as negative control. Strong hybridization signals were detected for the chromosomal DNA of*P. aeruginosa*, *P. putida* and *P. syringae pv. tomato.***Panel B.**Presence or absence of the gene encoding EC: 2.7.1.17. Chromosomal DNA samples of *P. aeruginosa*, *P. putida* and *P. syringae pv. tomato* were applied onto a nylon membrane and hybridized with the DIG-labelled 482-bp pst17 PCR product. The 482-bp pst17 PCR product from *P. syringae pv. tomato* served as positive control, whereas the 406-bp ppu49 PCR product from *P. putida* was included as negative control. Strong hybridization signals were observed for *P. aeruginosa* and *P. syringae pv. tomato* but not for *P. putida.***Panel C.** Presence or absence of the gene encoding EC: 2.5.1.49. Chromosomal DNA samples of *P. aeruginosa*, *P. putida* and *P. syringae pv. tomato* were applied onto a nylon membrane and hybridized with the DIG-labelled 403-bp pae49 PCR product. The 403-bp pae49 PCR product from*P. aeruginosa* served as positive control, whereas the 482-bp pst17 PCR product from *P. syringae pv. tomato* was included as negative control. Strong hybridization signals were observed for*P. aeruginosa*, *P. putida* and *P. syringae pv. tomato.*](ijbsv04p0309g04){#F4}

###### 

**Genome information for the completely sequenced *Pseudomonas* species.** Strains (expts) implies the *Pseudomonas* strains used for experimental analyses.

  \#   Genome                                         RefSeq      GenBank    Length (Mbp)   GC content   Proteins   Strains (expts)                                  Reference
  ---- ---------------------------------------------- ----------- ---------- -------------- ------------ ---------- ------------------------------------------------ -----------
  1    *Pseudomonas aeruginosa*PAO1                   NC_002516   AE004091   6.3            66.60%       5568       ATCC^®^ 15692                                    [@B27]
  2    *Pseudomonas entomophila*L48                   NC_008027   CT573326   5.9            64.20%       5134                                                        
  3    *Pseudomonas fluorescens*Pf-5                  NC_004129   CP000076   7.1            63.30%       6138                                                        
  4    *Pseudomonas fluorescens*PfO-1                 NC_007492   CP000094   6.4            60.50%       5736                                                        
  5    *Pseudomonas putida*KT2440                     NC_002947   AE015451   6.18           61.50%       5350       ATCC^®^ 47054; rmo^-^ , mod^+^                   [@B28]
  6    *Pseudomonas syringae*                                                                                                                                        
       *pv. phaseolicola*1448A                        NC_005773   CP000058   5.9            58.90%       4984                                                        
  7    *Pseudomonas syringae*                                                                                                                                        
       *pv. syringae*B728a                            NC_007005   CP000075   6.09           59.20%       5089                                                        
  8    *Pseudomonas syringae pv. tomato str.*DC3000   NC_004578   AE016853   6.4            58.40%       5470       ATCC^®^ 10862; Derivative of NCPPB1106; Rif^r^   [@B29]

###### 

**The oligonucleotides used in this study for PCR analyses.**F- Forward Primer, R- Reverese Primer.

  Oligonucleotide number   Sequence                       Location/ Description
  ------------------------ ------------------------------ -------------------------------------------------------------------------------------------
  ppu44F                   5′-CTCGGTGCACTGGTACAAAA -3′    *P. putida*KT2440 (Gene encoded for EC:1.1.1.44) nt 148-167
  ppu44R                   5′- GAAGTCCCGACGTCCAGATA -3′   *P. putida* KT2440 (Gene encoded for EC:1.1.1.44) Complementary nt 342-362
  pst44F                   5′- TCCGACCGAAGACACCATT -3′    *P. syringae pv. tomato* DC3000 (Gene encoded for EC:1.1.1.44) nt 213-231
  pst44R                   5′- AGCAGCCAGGATGAAACCA -3′    *P. syringae pv. tomato* DC3000 (Gene encoded for EC:1.1.1.44) Complementary nt 718-737
  pae17F                   5′- TACCTCAACCACTGGCTCA -3′    *P. aeruginosa* PAO1 (Gene encoded for EC: 2.7.1.17) nt 558-576
  pae17R                   5′- GAAGAACGGCAGCATCAG -3′     *P. aeruginosa* PAO1 (Gene encoded for EC: 2.7.1.17) Complementary nt 982-1000
  pst17F                   5′- TCGGGCACTGGTTATTTC -3′     *P. syringae pv. tomato* DC3000 (Gene encoded for EC: 2.7.1.17) nt 532-549
  pst17R                   5′- AGCATCAACACGCCTTCT -3′     *P. syringae pv. tomato* DC3000 (Gene encoded for EC: 2.7.1.17) Complementary nt 995-1013
  pae49F                   5′- CGTGTTCTGCGAAACCAT -3′     *P. aeruginosa* PAO1 (Gene encoded for EC: 2.5.1.49) nt 438-455
  pae49R                   5′- GATGAGGAAGGCGTTGAA -3′     *P. aeruginosa* PAO1 (Gene encoded for EC: 2.5.1.49) Complementary nt 822-840
  ppu49F                   5′- AAGCGGTATTCTGCGAGT -3′     *P. putida* KT2440 (Gene encoded for EC: 2.5.1.49) nt 434-451
  ppu49R                   5′- ATCAGGAAGGCGTTGAAC -3′     *P. putida* KT2440 (Gene encoded for EC: 2.5.1.49) Complementary nt 821-839

###### 

**"Missing" enzymes and their metabolic pathways in the completely sequenced eight *Pseudomonas* species.**Comparing the metabolic pathways between eight *Pseudomonas*species revealed 11 pathways with missing enzymes. Alternative pathways or bypasses were found in these pathways to replace the metabolic reactions of these missing enzymes. KEGG (Kyoto Encyclopedia of Genes and Genomes) was used to extract the metabolic pathway information. Enzymes with their EC numbers are tabulated with symbols (+/-) showing the presence or absence of these enzymes in eight *Pseudomonas* species.

  Pathways and their enzymes                                    *P.aeruginosa* PAO1   *P.entomophila* L48   *P.fluorescens* Pf-5   *P.fluorescens* PfO-1   *P.putida* KT2440   *P.syringae pv. syringae* B728a   *P.syringae pv. phaseolicola* 1448A   *P.syringae pv. tomato* DC3000
  ------------------------------------------------------------- --------------------- --------------------- ---------------------- ----------------------- ------------------- --------------------------------- ------------------------------------- --------------------------------
                                                                pae                   pen                   pfl                    pfo                     ppu                 psb                               psp                                   pst
  Pentose phosphate pathway                                                                                                                                                                                                                            
  \*6-phosphogluconate dehydrogenase (EC: 1.1.1.44)             \-                    \+                    \+                     \+                      \+                  \+                                \+                                    \+
  Pentose & Glucuronate interconversions                                                                                                                                                                                                               
  \*Xylulose kinase (EC:2.7.1.17)                               \+                    \+                    \+                     \+                      \-                  \+                                \+                                    \+
  Fructose & Mannose metabolism                                                                                                                                                                                                                        
  2,3 butanediol dehydrogenase (EC:1.1.1.14)                    \+                    \-                    \+                     \-                      \+                  \+                                \-                                    \+
  Amino sugars metabolism                                                                                                                                                                                                                              
  Probable UDP-N-acetyl glucosamine 2-epimerase (EC:5.1.3.14)   \+                    \+                    \+                     \-                      \+                  \+                                \+                                    \+
  Nucleotide sugars metabolism                                                                                                                                                                                                                         
  ^\#^UDP-glucuronate 4-epimerase (EC:5.1.3.6)                  \-                    \-                    \-                     \-                      \-                  \-                                \-                                    \-
  Synthesis & degradation of ketone bodies                                                                                                                                                                                                             
  Probable coA transferase, subunit A (EC:2.8.3.5)              \+                    \+                    \+                     \+                      \+                  \+                                \-                                    \+
  Hydroxymethylglutaryl-coA synthase (EC:2.3.3.10)              \+                    \+                    \+                     \+                      \+                  \+                                \-                                    \+
  Methionine metabolism                                                                                                                                                                                                                                
  Cystathionine gamma synthase (EC:2.5.1.48)                    \-                    \+                    \-                     \+                      \+                  \+                                \-                                    \-
  \*O-acetyl homoserine (thiol) lyase (EC:2.5.1.49)             \+                    \+                    \+                     \-                      \+                  \+                                \-                                    \-
  Arginine & Proline metabolism                                                                                                                                                                                                                        
  Arginase (EC:3.5.3.1)                                         \-                    \+                    \-                     \+                      \-                  \+                                \+                                    \+
  Urea cycle & metabolism of amino groups                                                                                                                                                                                                              
  Arginase (EC:3.5.3.1)                                         \-                    \+                    \-                     \-                      \-                  \+                                \-                                    \-
  Riboflavin metabolism                                                                                                                                                                                                                                
  Isocitrate dehydrogenase kinase/phosphatase (EC:3.1.3.-)      \+                    \+                    \+                     \+                      \+                  \-                                \+                                    \-
  Vitamin B~6~metabolism                                                                                                                                                                                                                               
  D-erythrose 4-P dehydrogenase (EC:1.2.1.72)                   \+                    \-                    \+                     \+                      \+                  \+                                \+                                    \+
  Erythronate 4-P dehydrogenase (EC:1.1.1.290)                  \+                    \-                    \+                     \+                      \+                  \+                                \+                                    \+

\* indicates the enzymes selected for PCR and dot blot hybridization analyses. Three *Pseudomonas*strains (*Pseudomonas aeruginosa, Pseudomonas putida and Pseudomonas syringae pv. tomato)*were selected based on their availability in our lab. Enzymes present in at least two of above three genomes were chosen for PCR and Dot blot experimental analyses.

^\#^The enzyme UDP-glucuronate-4-epimerase (EC: 5.1.3.6) catalyzes the conversion of UDP-D glucuronate to UDP-D galacturonate which acts as precursor for the synthesis of pectins. None of the *Pseudomonas*species show the presence of this enzyme. Glycolysis serves as bypass for all these species producing the end product UDP-D galacturonate.

###### 

Results of the PCR and dot-blot hybridization analyses. (+/-) showing the presence or absence of enzymes. pae- *Pseudomonas aeruginosa*chromosomal DNA, ppu- *Pseudomonas putida*chromosomal DNA and pst- *Pseudomonas syringae pv. tomato*chromosomal DNA. NA- Information Not Available.

  Enzymes                             Primer/Probe    pae          ppu   pst
  ----------------------------------- --------------- ------------ ----- ------------
  6-phosphogluconate dehydrogenase    KEGG database   \-           \+    \+
  (EC: 1.1.1.44)                      SYSTOMONAS      \+           \+    \+
                                      PGD             \-           \+    NA
                                      ppu44 primers   \+           \+    \+
                                      pst44 primers   \+           \-    \+
                                      ppu44 probe     \+           \+    \+
  Comment                                             Probably +   \+    \+
                                                                         
  Xylulose kinase                     KEGG database   \+           \-    \+
  (EC: 2.7.1.17)                      SYSTOMONAS      \+           NA    \+
                                      PGD             \+           NA    NA
                                      pae17 primers   \+           \-    \+
                                      pst17 primers   \-           \-    \+
                                      pst17 probe     \+           \-    \+
                                                      \+           \-    \+
                                                                         
  O-acetyl homoserine (thiol) lyase   KEGG database   \+           \+    \-
  (EC: 2.5.1.49)                      SYSTOMONAS      \+           \+    NA
                                      PGD             NA           NA    NA
                                      pae49 primers   \+           \-    \+
                                      ppu49 primers   \-           \+    \-
                                      pae49 probe     \+           \+    \+
  Comment                                             \+           \+    Probably +
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